Abstract: Liquefaction of natural gas is an energy-intensive process in which the energy efficiency depends on the number of compressors stages and the heat integration scheme. The aim of the study is to systematically evaluate process performance of pure component cascade processes, present optimized designs for all relevant numbers of compression stages and compare energy consumption between processes with differing levels of complexity. An original method for the evaluation of process performance is developed that utilizes as little human interaction as possible, making it suitable for optimization. This study shows that a pure-component cascade process using the three refrigerants R290, R1150 and R50 must have at least 11 stages to equal the energy efficiency of the best mixed refrigerant process. An optimized configuration for an 11-stage process scheme operating at 20 • C ambient temperature is described in detail.
Introduction
Natural gas (NG) power plants have high efficiencies and correspondingly low CO 2 emissions compared to other fossil fuels. Due to this, and strong growth in gas supplies, liquefied natural gas (LNG) is widely accepted as a clean energy alternative to other fossil fuels where NG is not available through pipelines. LNG liquefaction is, however, an energy-intensive process and has correspondingly high CO 2 emissions. An important way of reducing CO 2 emissions from energy-intensive industries is to improve energy efficiency.
The first commercial NG liquefaction plant was built in 1964 in Algeria and was based on the pure-component cascade liquefaction process. Up to the 1990s, only two other LNG processes were used for LNG production: the single mixed-refrigerant (SMR) and propane precooled mixed-refrigerant (C3MR) processes [1] . Since the 1990s, development has focused on processes using mixed refrigerants, which can achieve higher efficiency than pure-component refrigerant processes (given the same number of stages). In 2006, the LNG plant at Melkøya in Northern Norway started production based on a mixed fluid cascade (MFC) process.
The Melkøya LNG plant is often claimed to be the most energy-efficient LNG plant in the world [2, 3] . However, the energy efficiency of both pure-component and mixed refrigerant LNG processes varies fundamentally with the number of stages used. Pure-component processes can also offer other advantages such as efficient operation in off-design conditions [4] and can still be a competitive design in certain circumstances as illustrated by the opening of the Darwin pure-component cascade LNG plant in Australia (2006) .
Optimization of LNG processes is complex due to the large number of possible design options. Process equipment such as compressors, separators, valves, expanders and heat exchangers are linked to each other by mass and heat balances and process parameters like temperature and pressure. Finding the most energy-efficient process with respect to equipment configuration therefore depends on a large search space. The problem is also typically nonlinear since adjusting operating conditions for one component automatically will change the operating conditions for the others. The search space becomes even larger as the number of pressure levels is increased.
Optimization of LNG processes has been studied for decades. In 1974, Barnés et al. investigated a few promising pure component cascade processes to identify optimum systems [5] . Heuristic rules have often been used to reduce the huge search space in optimization work of LNG processes. In 1980, Cheng et al. published a procedure for synthesizing refrigeration features [5] where they introduced a heuristic method to determine intermediate stages needed, based on an average compression work model. However, the increased computational power developed in recent decades allows for a much deeper analysis approach. Many different LNG plants and refrigerant compositions have been explored, optimized and compared [1, 6] . For example, Wang et al. presented in 2005 a study describing a method to optimize the large number of design options in refrigeration and gas separation processes, using a genetic algorithm (GA) [7] . Stochastic methods like the GA have been widely used in optimization problems to avoid being trapped in local optima.
A literature review of the use of optimization in LNG process design and operation was recently published in 2014 by Austbø et al. [8] and includes a short summary of each of the 186 published works identified. Of the 186 published works, only seven consider pure-component cascade processes. Surprisingly, a generic design for pure-component cascade processes that operate at multiple pressure levels and with optimal heat integration has not been explored extensively in published papers. However, special cases with pure-component cascade processes like the Technip/Air Liquide Cascade (1964), Phillips Cascade (1969) and the Phillips' Optimized Cascade (1999) have been explored [6, 9] . Kamalinezhad et al. [4] published a study in 2014 of a nine-stage (3-3-3) pure component process, comparing seven different scenarios for each refrigerant cycle. They developed a process software (LNG-Pro) for selecting the optimal synthesis of refrigeration systems with respect to minimizing the OPEX and CAPEX. Eaton et al. conclude that large LNG trains are both feasible and cost-effective when they studied the ConocoPhillips Optimized Cascade process [10] .
The contribution of this study to the existing body of research into LNG process optimization is, therefore, to present a systematic study of a generic pure-component cascade liquefaction process where the process design (number of compressor stages and number and configuration of heat exchangers) is not constrained. In this work, pure refrigerant cascade processes with R290 (propane), R1150 (ethylene) and R50 (methane) have been studied in detail. Process performance and optimal designs are presented for all relevant numbers of pressure stages and energy consumption is compared for processes of varying complexity.
Method
A method to evaluate the most energy-efficient cascade design for a process with a fixed number of compressor stages is developed below. Efficiency is evaluated based on the total energy consumption per ton refrigerated natural gas w NG (kWh/ton), and the process design is optimized with respect to the number and configuration of the heat exchangers and the configuration of compressor stages. Only steady-state simulations are considered.
Process Description
The cascade processes considered here are based on R290, R1150 and R50. This represents the most common selection of pure-component refrigerants used in industrial liquefaction processes as typified by the proprietary Phillips Optimized Cascade process, which is describe (for example) by Lim et al. [1] . R290 is used in the first refrigeration circuit cooling the NG, and R50 is used in the last refrigeration circuit cooling the NG to −155 • C. The total number of compressor stages in the cascade process (N) is a sum of the individual compressor stages in each refrigerant cycle, i.e., N = n R290 + n R1150 + n R50 compressor stages. The configuration of compressor stages is important to overall process performance and the different designs are named n R290 -n R1150 -n R50 -Cascade. Figure  1 illustrates a possible configuration of the simplest cascade process considered here (1-1-1-Cascade), using only N = 3 compressor stages. Figure 2 shows the 1-2-1-Cascade process (only the ethylene circuit is shown in detail), where the single-stage R1150 in 1-1-1-Cascade has been replaced with a two stage compression process where R1150 is evaporated in two separate heat exchangers. This process is one of three configurations that have N = 4 compressor stages. There are also many possible configurations of heat exchangers used in the cooling and condensing of the refrigerant, as illustrated by the dashed lines in Figure 2 . A pressure (p)-enthalpy (h) diagram for the R1150-circuits is shown in Figure 3 . Heat exchangers are modeled with pre-saturators, as explained by Kamalinezhad et al. [4] and Lim et al. [1] and illustrated in Figure 2 where the ethylene gas at J is mixed with the liquid. In this configuration, the heat exchangers represent Coil-Wound Heat Exchangers (CWHE) where both natural gas and other refrigerant streams can be cooled against each other.
Evaporators, compressors, refrigerant cycles and temperature levels are organized similarly. For example, the process model includes N + 1 different temperature levels T n , i.e., T 0 , T 1 , . . . , T N , which are related to the natural gas temperature out of the seawater cooler and the N evaporators as illustrated in Figure 1 . The T n temperatures are organized in decreasing order, starting at ambient seawater temperature T 0 . T N is the lowest temperature in the process, which is obtained in the last R50-evaporator.
In addition to the natural gas mass flow (ṁ NG ) and the seawater mass flow (ṁ 0 ), there are N different mass flows of refrigerants (ṁ 1 , . . . ,ṁ n , . . . ,ṁ N ) through N compressors. That is, refrigeration cycle number n = 3 has evaporator temperature T 3 , refrigerant mass flowṁ 3 and compressor energy consumptionẆ c, 3 . Figure 3 shows a p-h diagram for the R1150 refrigeration cycle in the 1-2-1-Cascade process illustrated in Figure 2 . It is assumed that all heat exchangers (condensers, evaporators and gas coolers) operate with a single common minimum temperature difference ∆T and that refrigerant vapor is superheated by the natural gas in the evaporators, as illustrated in Figures 1 and 2 .
Modeling Parameters

•
Work by equipment other than the refrigerant compressors, such as the seawater pumps, is neglected.
Feed composition (in mol%) is: 3.1% nitrogen, 87.7% methane, 5.4% ethane, 2.6% propane, 0.8% iButane and 0.4% nButane • Feed gas pressure after the initial seawater cooler is 60 bar.
All heat exchangers operate with a ∆T = 5.0 K temperature difference.
• Streams flowing through exchangers without phase change have a ∆p = 0.5 bar pressure drop.
• CWHE evaporators are modeled with zero pressure drop outside the coils, i.e., neglecting pressure drops when superheating the boil off gas. Illustrated in Figures 2 and 3 where
The lowest evaporation occurs at T N = −160 • C, satisfying the minimum pressure requirement for R50.
Process Modeling
Refrigerant and natural gas processes are calculated using the property library CoolProp [11] . This is done by letting CoolProp calculate specific enthalpies h for the different thermodynamic states in the cascade process, e.g., by specifying temperature, pressure, gas quality or entropy.
The total energy consumption per ton refrigerated natural gas (feed gas rate) is calculated as the sum of all the N compressor stages, since additional work by seawater pumps and other equipment is neglected:
whereẆ c,n is the compressor power consumption in refrigerant circuit number n and ∆h c,n is the corresponding enthalpy change. Heat flow in the other components is calculated similarly. For example, heat flows in the second refrigerant cycle, linked to the compressor stage n = 2, in the 1-2-1-Cascade shown in Figure 3 are:Ẇ
whereQ e,2 is the transferred heat in Evaporator Number 2 (with boiling temperature T 2 ),Q 0,2 is the transferred heat in the seawater exchanger andQ 1,2 is the transferred heat in the exchanger related to the propane evaporator with boiling temperature T 1 .
An energy balance for the evaporators, using a steady-state assumption, is used to find the mass flows. Evaporator number n can be used to decide the mass flow through compressor number n using the energy conservation equation:Q
given that all mass flowsṁ n+1 , . . . ,ṁ N andṁ NG are known. Table 1 shows the optimized configuration of the settings for a system with N compressor stages. The p-h diagram in 1-2-1-Cascade with respect to heat exchanger, compressor and temperature Figure 3 illustrates this configuration for the R1150 refrigerant processes. The n = 2 evaporator in the 1-2-1-Cascade is used to cool the refrigerant in the n = 3 and n = 4 circuits. The mass flows are found relative to the natural gas mass flow by solving the energy balance recursively bottom up. For the 1-2-1-Cascade, the mass flows are calculated by solving the matrix problem: 
where ∆h * 0 and ∆h * 0,NG depend respectively on the exiting temperature of the seawater and the feed temperature of the natural gas and are not specified in this article because of the modeling assumption that seawater cooling comes at no additional cost. That is,ṁ 0 , corresponding to the first row in the matrix problem, is not computed. The missing ∆h 0,3 in the first row is set to "0" since the third refrigerant circuit in the optimized 1-2-1-Cascade design does not use a seawater heat exchanger, as illustrated in Table 1 and Figure 3 . There are many possible process plant designs for the 1-2-1-Cascade that are more energy intensive, and all but one (the condenser) of the off-diagonal heat exchangers in each column could in theory be zero, i.e., not used.
Optimization
Development of a method for finding the optimum cascade process given the number of compression stages N is done in three steps:
1. Finding the best heat exchanger configuration given a compressor configuration N = n R290 − n R1150 − n R50 and all temperature levels. 2. Finding the best temperature levels given configuration N = n R290 − n R1150 − n R50 . 3. Finding the the best compressor configuration given the number of compression stages N.
Optimization of Heat Exchanging Equipment
Even with all the temperature levels and compressor configuration defined, the cascade process is not uniquely determined, as illustrated in Figure 2 as dashed lines and the zeros in the matrix equation Equation (4) . The initial approach used in the optimization model to decide how many heat exchangers should be included was to limit heat exchangers to cases where the temperature difference between two streams was greater than ∆T = 5.0 K. This approach was applied by Jackson et al.'s study of a 2-2-2-Cascade process in [12] . However, in some cases, the process plant can be less complex and have higher energy efficiency if some heat exchangers are excluded.
A bias towards the most energy-efficient process design is included using an additional constraint in the form of a recursive algorithm that compares the coefficient of performance (COP) of additional cooling cycles to that of the cycle they replace. The optimum COP is found by sequentially adding pre-coolers and searching for a maximum in the COP. Starting with the cycle with the highest evaporator temperature, this can be written as a recursive optimization problem:
where COP 0 = ∞ since power consumption from seawater pumps is neglected. The number j n is the maximum number of heat exchangers with usable energy for circuit number n. Note that j n ≤ n and depends on the temperature levels, compressor efficiency η and the pressure drop ∆p. Table 1 shows the optimized result for the 1-2-1-Cascade.
Optimization of Temperature Levels
Our objective is to minimize the specific energy consumption by adjusting the temperature settings for the evaporators. Given the number of compressors N and compressor configuration, n R290 + n R1150 + n R50 = N, this can be regarded as a real-valued function of the temperatures:
Both the ambient temperature T 0 and the final evaporator temperature T N are assumed to be fixed and excluded from the list of arguments. This function is constrained by the inequality Figure 4 shows how a version of this function f (2,2,2) varies in a two-dimensional subspace and illustrates the complexity of finding the global minimum, due to other local minimums. MATLAB functions ga and f minsearch were tested to evaluate their ability to find the global minimum. The f minsearch approach often did not converge to the global minimum as it depends on a relatively good initial guess. The ga approach gave better results, but at the cost of longer runtime. A hybrid solver was therefore used for optimization, where ga was used to get close to the optimal configuration, and f minsearch was used to fine-tune the parameters, using the ga solution as the initial guess. The hybrid approach versus computer runtime is illustrated in Figure 5 . In this work, evenly-distributed temperature levels in each refrigerant-cycle are used as the starting point for the optimization. In this configuration, and throughout the subsequent optimization process, a constraint is applied to the minimum operating pressure for each refrigerant cycle where p min ≥ 1.1 bara. It turns out that this initial guess is relatively good as shown in Figure 6 . The gain by optimization is roughly 1.5% on average and as high as 4.0% in some cases. Since this initial guess approach is close to the optimal configuration, f minsearch is typically able to converge to the global minimum without using ga first. Optimized for all different n R290 -n R1150 -n R50 -Cascade process configurations with N = n R290 + n R1150 + n R50 compressor stages.
Optimization of Compressor Configuration
Finding the most energy-efficient process design with N compressor stages is done with an exhaustive search, i.e., modeling all possible configurations n R290 -n R1150 -n R50 -Cascade with n R290 + n R1150 + n R50 = N and comparing their efficiencies. The total number of possibilities to examine is (N−2)(N−1) 2 . All possibilities are examined to make the approach as general as possible.
Model Verification
To provide a high-level check of the process model developed in MATLAB, a sample of the results was tested against data generated using an independent process model. The independent model was developed in HYSYS with thermodynamic data generated using the standard HYSYS implementation of the Peng-Robinson equation of state. HYSYS models for the optimized 1-2-1-Cascade presented in Table 1 and three optimized 2-2-2-Cascade for ambient temperatures 10, 20 and 30 • C showed a maximum 0.9% difference in the overall enthalpy change for the natural gas steam and a maximum 1.7% difference in w NG compared to the MATLAB simulations.
Comparative Study of Process Performance
MFC processes are claimed to be the most energy-efficient processes currently used in an LNG plant [2, 3] , and are used a as references points in this article. MFC performance data are presented here for a fixed system with three mixed refrigerants based on a previous study concerned with the modeling of the optimized MFC LNG liquefaction process for a range of heat-sink temperature cases [12] . This article is highly relevant in the comparative study, since it uses the same modeling basis as the single component cascade processes presented here, i.e., the same gas composition, feed pressure, compressor efficiencies and ambient temperatures. A comparison of the result from these two studies is presented in Figure 8 . 
Results
Figure 7 presents energy consumption for different configurations with eleven or less compressor stages (N ≤ 11) optimized for T 0 = 20.0 • C. The most efficient process for a given number of compression stages is marked in Figure 7 , and the optimized temperature levels T 0 , T 1 , . . . , T N are shown in Figure 9 . The 3-4-4-Cascade process is the most efficient process with a maximum of 11 compressor stages, and Table 2 describes the heat exchanger configuration for this particular optimized design. Optimized heat exchanger configuration and temperature settings for 1-2-1-Cascade and 3-4-4-Cascade are shown in Tables 1 and 2. Tables 3 and 4 show additional process parameters for the 3-4-4-Cascade. 
Discussion
The performance of the pure-component cascade process improves as stages are added. Commercial cascades generally use two or three pressure levels in each refrigerant circuit, six to nine stages in total. Figure 8 shows that if approximately 11 stages are used, the performance of the pure-component process equals the MFC process. The results displayed in Figure 9 for the 20 • C cases show that in moving from a six-stage process to a nine-stage process, additional levels should first be added in the ethylene circuit (2-3-2) and then the methane circuit (2-3-3) before the propane (3-3-3) .
The optimization parameters considered in this study are limited to temperatures, pressures and exchanger configurations. The design of individual equipment items is not considered, and no cost-based optimization is presented. However, the use of a fixed pressure drop per stream in the heat exchangers allows the optimization routine to eliminate inefficient stages of heat transfer. Table 2 , for example, shows that in the optimized 3-4-4 process, only 15 heat exchangers are used out of a maximum possible number (∑ j n ) of 21. Although the level of pressure loss associated with each heat exchanger and the minimum temperature approach used have not been optimized against equipment costs in this study, they have been set to a conservative/achievable level resulting in a realistic trade-off between efficiency and complexity.
The design of the open intercoolers used in each refrigerant circuit is idealized in the models developed. Compared to the generally conservative assumptions discussed above, a more detailed analysis of the design of these items of equipment may show that additional pressure drop would be required to implement this design in practice, which would in turn add a small margin in the calculated optimum energy consumption presented here.
Optimizing this type of process is difficult in conventional flow sheet-based modeling programs such as HYSYS because of the time-consuming nature of the flow sheet modifications needed to adjust the flow sheet when items of equipment are added and removed. By contrast, the algorithm developed in MATLAB is able to consider a large number of potential flow sheet options based on a simple framework of design parameters. It is, therefore, a more reliable tool when global minimum energy consumption is required. The results presented in Figures 4-6 show both the complexity of the optimization problem presented and the efficient way in which the hybrid algorithm developed for this study is able to find the global minimum power. The findings of the verification study conducted in HYSYS also show that the algorithm developed in MATLAB is consistent and reliable.
Conclusions
The aim of the study was to develop a method to systematically evaluate the process performance for a pure-component cascade LNG liquefaction process and find the optimal design for all relevant compression stages. The hybrid optimization algorithm used in this study has been shown to quickly and reliably find the global minimum power for the process. The approach is well suited to optimization problems where a large number of alternative process flow sheet alternatives exist and could be applied in other processes where energy efficiency is important.
Although the parameters used in this study represent realistic/achievable process equipment design, the trade-off between capital costs and process performance is not considered here. Therefore, the optimum configurations presented here may not represent the lowest overall lifecycle costs for a real process design.
Additional optimization parameters relating to equipment performance could be added to allow a cost-based optimization. This study considered only the optimization of energy efficiency of a process with fixed equipment design parameters.
This study shows that approximately 11 stages are required for a pure-component cascade scheme to equal the energy efficiency of an MFC process using three refrigerant mixtures. The optimum configuration of this scheme is found to be 3-4-4 as described in Table 2 .
